Understanding lineage specification is biologically important and critical for the production of cells for regenerative medicine. Extrinsic cues are clearly necessary but do they direct or select lineage? Single-cell analysis now suggests that cytokine signaling can instruct lineage choice in blood stem cells.
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Recent advances in cellular reprogramming have re-awakened interest in lineage-specification mechanisms and challenged views about the very nature of commitment itself [1] . From a molecular viewpoint, lineage identity results from the accumulation of stable lineage-specific transcription factor complexes at the regulatory regions of lineage-affiliated effector genes. With the emergence of systems biology, this somewhat reductionist view extends to encompass the notion of transcription factor networks more broadly shaping lineage-affiliated transcriptional landscapes [2] , allowing, paradoxically, both robustness and flexibility in cellular identity. The interplay between the environmental cues and cell-intrinsic machinery in the establishment and/or subsequent behaviour of transcription factor circuits is an important and underexplored area. Historically, studies on the role of extrinsic cues in lineage choice have focused on the extent to which they can drive lineage commitment and, more specifically, whether their action is selective or instructive. In the first case, cytokines are viewed most simply as acting to promote the survival and proliferation of cells that have already committed to a particular lineage. In the second, cytokines act directly on a truly multipotent cell to drive its differentation to a particular lineage. A major difficulty in resolving this issue is that the output of both instructive and selective signals is the same -increased production of lineage-committed cells. While it is relatively simple to observe, and to some extent quantify, the production of these cells from a population of multipotent cells, our understanding of the route taken by an individual cell from multipotency to lineage commitment remains limited. By following the responses of single haematopoietic stem cells (HSCs) to the extrinsic lineage regulator macrophage colony-stimulating factor (M-CSF; also known as CSF1 and c-FMS), Mossadegh-Keller et al. [3] now provide evidence supporting the notion that growth factors can indeed direct lineage choice.
The critical roles of cytokines, cytokine receptors and lineage-specific transcription factors in regulating haematopoiesis have been long recognised, most notably for the regulation of erythropoiesis by erythropoietin (EPO), the EPO receptor (EPOR) and the transcription factor GATA-1 and of myelopoiesis by M-CSF/M-CSF receptor (M-CSFR, Csfr1) and the transcription factor PU.1 (reviewed in [4, 5] ). There is good evidence that GATA-1 and PU.1 regulate expression of EPOR and M-CSFR, respectively [6] [7] [8] , but convincing evidence that cytokine signalling directly upregulates lineage-specific gene expression has remained elusive. At the transcriptional level, there is cross-antagonism between the erythroid and myeloid lineages, with GATA-1 and PU.1 each inhibiting the other's activity, while positively autoregulating their own expression (reviewed in [9] ). In the recent study, Mossadegh-Keller et al. [3] utilise the PU.1-GFP mouse model [10] Single-cell studies such as those presented here are critical to understanding mechanisms of cellular commitment, but deriving a detailed molecular description of an individual cell at a particular moment in time inevitably precludes simultaneous testing of its differentiation potential.
Instructive mechanisms -by their very nature -require an individual cell to express components of the regulatory machinery required for, firstly, receipt of and, secondly, appropriate response to the signal in question. This necessarily focuses attention on the molecular groundstate of stem cells, which have variably been posited as multilineage-primed [11] or in a 'tabula rasa' state [12] (Figure 1) . The former suggests the availability of lineage-affiliated regulatory sequences in self-renewing stem cells, also allowing low-level transcription of some genes. The tabula rasa model proposes the absence of expression of lineage-affiliated molecules but, curiously, has recently been shown to include extensive priming of lineage-affiliated genes in a manner that renders them poised for activity. Priming in principle affords lineage choice by either selective or instructive modes. In the system described herein, the simplest form of instruction would predict that all multipotent cells both express M-CSFR and respond to the M-CSF signal by upregulating the myeloid 'master regulator' PU.1. Interestingly, the system seems heterogeneous in both aspects, raising the possibility that one size does not fit all and the simplest instructive scenario may play out in only a subset of stem cells. From a physiological standpoint, the heterogeneity of this response may contribute to homeostasis and protect the organism from ablation of the entire stem-cell compartment through differentiation. Such a notion squares with recent ideas of stem-cell heterogeneity (reviewed in [13, 14] ). The underlying molecular and cellular bases for this heterogeneity remain unknown, but in principle may result from true stable cellular heterogeneity or from more transient shifts in identity, reflecting stochastic mechanisms, intrinsic or extrinsic transcriptional noise [15] , temporal fluctuations [11, 16] or niche location [17] .
These considerations aside, it will be interesting to see whether instructive cell-fate determination is specific to macrophages or more generally applicable to all blood lineages or indeed other stem-cell systems. Macrophages are an ancient blood lineage and have been suggested to represent a default output of HSCs. If all blood lineages are, or more accurately can be, determined through instructive routes, it follows that HSCs must co-express the necessary range of receptors and have in place transcriptional circuits capable of responding to extrinsic signals and effecting lineage choice, a groundstate somewhat at odds with the notion of a tabula rasa. Transcriptional circuits presumably underlie expression of the receptors, as exemplified by GATA-1's regulation of EPOR expression and EPO's positive effect on GATA-1 level and activity, highlighting how early events in lineage specification may be amplified through feed-forward behaviours of networks involving both intrinsic and extrinsic cues. Such a view places emphasis on understanding the nature of these networks and their configurations in stem cells, lineage-determined cells and cells at the point of commitment. In respect of the latter, evidence from both single cells [18] and population studies [19] suggests that cells transiting through a commitment boundary may do so via different routes, consistent with the notion that different drivers may initiate the same lineage loop in different cells.
The results of Mossadegh-Keller et al. [3] , like those of the Schroeder laboratory [20] , provide evidence that cytokines can instruct cells; however, lineage priming and stem-cell heterogeneity afford the possibility for multiple entry points into commitment [18] and may provide a level of robustness and flexibility in responses that increase the fitness of the haematopioetic system in responding to homeostatic requirements and pathological challenges. Many cytokines and cytokine receptors exhibit pleiotropy, at least in vitro, allowing a single cytokine to transmit diverse signals to different subsets of cells, including those at different stages of development within the same lineage. The response elicited by a cytokine is thus context dependent. This can be explained, at least in part, by the different molecular groundstates and transcriptional networks of the responding cells. Further progress in understanding the mechanisms of lineage determination will depend on a better understanding of these key determinants of a multipotent cell's competence to initiate and elaborate specific programmes of differentiation in response to a range of challenges, including those delivered artificially for the purposes of regenerative medicine.
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Multilineage In the model, we speculate that stem cells can exist in a spectrum of states (boxed) ranging from multilineage-primed cells through to a 'tabula rasa'-like state proposed for embryonic stem cells (indicated in the figure by ?). Multilineage-primed cells simultaneously exhibit co-accessibility and/or limited co-expression of several lineage programmes, while tabula rasa cells have been variably described as exhibiting either no aspects of lineage-affiliated cell identity or transcriptional poising of lineage-affiliated genes but without active transcription. Transitions between these states may be stochastic, or regulated by extrinsic signals, or both, and may also be reversible as shown. Whether HSCs ever occupy a tabula rasa-like state is unknown. The multilineage-primed cell is able to receive and respond to a range of extrinsic differentiative signals, such as cytokines, leading to upregulation of genes of the appropriate lineage alongside repression of alternative gene expression programmes, and culminating in the production of lineage-committed cells. Although not depicted here, multilineage-primed stem cells may also generate lineage-committed cells through stochastic mechanisms independent of changes in extrinsic signals, while differentiative signals may be able to act directly on tabula rasa stem cells through unknown mechanisms.
